They are essential for mitochondrial outer-membrane permeabilization, leading to the release of apoptogenic factors such as cytochromec, which promote activation of the caspase cascade and cellular demolition. The BOK protein has extensive amino-acid sequence similarity to BAK and BAX and is expressed in diverse cell types, particularly those of the female reproductive tissues. The BOK-deficient mice have no readily discernible abnormalities, and its function therefore remains unresolved. We hypothesized that BOK may exert functions that overlap with those of BAK and/or BAX and examined this by generating Bok À / À Bak À / À and Bok À / À Bax À / À mice. Combined loss of BOK and BAK did not elicit any noticeable defects, although it remains possible that BOK and BAK have critical roles in developmental cell death that overlap with those of BAX. In most tissues examined, loss of BOK did not exacerbate the abnormalities caused by loss of BAX, such as defects in spermatogenesis or the increase in neuronal populations in the brain and retina. Notably, however, old Bok À / À Bax À / À females had abnormally increased numbers of oocytes from different stages of development, indicating that BOK may have a pro-apoptotic function overlapping with that of BAX in age-related follicular atresia.
these animals were reported to undergo cell death at a normal rate in response to a range of apoptotic stimuli in vitro. 10, 11 Conversely, Bak À / À mice are fertile and histological evaluation revealed no major defects in their organs; notably, these animals did not develop any diseases even when aged past 1 year. 11 Remarkably, the combined absence of BAX and BAK causes several serious phenotypic aberrations that are never observed in the singly BAX-or BAK-deficient animals. 11 Less than 10% of Bax À / À Bak À / À mice reached adulthood, and the few survivors displayed abnormalities that are characteristic for defects in programmed death of epithelial cells, such as persistent interdigital webbing, imperforate vagina and supernumerary neural progenitor cells in the neurogenic subventricular zone of the forebrain. 11, 12 Moreover, mice reconstituted with a BAX/BAK doubly deficient hematopoietic system developed lymphadenopathy and systemic autoimmune disease. 12, 13 As Bax À / À Bak À / À lymphoid cells are markedly resistant to diverse apoptotic stimuli such as growth factor deprivation, treatment with glucocorticoids or DNAdamaging drugs, 12, 13 these findings demonstrate that BAX and BAK have largely overlapping roles in the intrinsic apoptotic pathway.
Intriguingly, several major organs that are widely believed to be shaped by programmed cell death, such as the kidney, lungs, heart and liver, appeared normal in the Bax À / À Bak À / À mice. 11 Hence, it has been postulated that BAX/ BAK-independent processes may have a role in programmed cell death in morphogenesis. BOK (also called MTD in humans) shares extensive (B70%) amino-acid sequence similarity with the multi-BH domain pro-apoptotic proteins and has therefore been hypothesized to function in a BAX/BAKlike manner. 14 We have previously generated BOK-deficient mice; like BAX or BAK singly deficient animals, Bok À / À mice developed normally and were healthy; moreover, their leukocytes were normally sensitive to diverse cytotoxic stimuli. 15 We have therefore now explored the possibility that BOK may have functions that overlap with those of BAK or BAX by generating Bok À / À Bak À / À and Bok À / À Bax À / À mice. Because the function of BOK has not yet been clearly defined to date, analysis of these doubly deficient mice may aid in providing insight into whether BOK functions in a BAX/ BAK-like pro-apoptotic manner.
Results
Generation of Bok À / À Bak À / À and Bok À / À Bax À / À mice. Bok À / À , 15 Bak À / À 11 and Bax À / À mice 10 have been previously generated in our laboratory or the laboratories of others. These animals were intercrossed to produce mice doubly deficient for BOK and BAK, or BOK and BAX. Offspring from intercrosses of Bok À / À Bak þ / À mice and intercrosses of Bok À / À Bax þ / À mice were genotyped at 4 weeks of age ( Supplementary Figure 1) . The results revealed that Bok À / À Bak À / À and Bok À / À Bax À / À offspring were obtained at the expected Mendelian ratio from such matings ( Table 1 ). The Bok À / À Bak À / À and Bok À / À Bax À / À mice both appeared outwardly normal and healthy when monitored for up to 12 months of age, with no obvious phenotypic abnormalities. However, males lacking both BOK and BAX, like BAX singly deficient males, were sterile. This supports earlier findings that BAX is essential for normal spermatogenesis in mice. In contrast, the BOK/BAK doubly deficient mice could be interbred to produce Bok À / À Bak À / À offspring, demonstrating that the combined absence of BOK and BAK does not compromise female or male fertility in mice.
These results show that in contrast to the combined loss of BAX and BAK, 11 double deficiencies in BOK and BAX, or BOK and BAK, do not cause more severe developmental abnormalities than those already observed in the respective singleknockout animals.
Lymphoid organ analysis in young and aged Bok À / À Bak À / À and Bok À / À Bax À / À mice. Previous reports have demonstrated important and largely overlapping roles of BAK and BAX in the developmentally programmed and cytotoxic stress-induced death of lymphoid cells. 12, 13 The loss of BAX alone was shown to cause mild splenic hyperplasia because of an abnormal increase in lymphocyte numbers. 10 Young Bok À / À females also displayed a minor increase in spleen and thymus weights, although this was most likely not caused by an increase in hematopoietic cells. 15 To determine whether the combined absence of BOK together with loss of BAX or BAK would lead to marked aberrations of the lymphoid system, we compared the hematopoietic cell subset compositions in peripheral blood, bone marrow, spleen and thymus of Bok À / À Bax À / À and Bok À / À Bak À / À animals with those from age-and sex-matched wild-type and single-knockout (Bok À / À , Bax À / À and Bak À / À ) controls.
In contrast to an earlier report, 10 we did not detect a significant increase in the spleen and thymus weights of Bax À / À mice in comparison with wild-type controls at 9-14 weeks of age (Figures 1a and b ). Instead, we found that Bak À / À females had a minor increase in spleen weight, but this was not seen in Bak À / À males. The Bok À / À Bak À / À and Bok À / À Bax À / À mice displayed normal spleen and thymus weights at this age (Figures 1a and b ). The total numbers of hematopoietic cells in the spleen, thymus, bone marrow and blood of Bok À / À Bax À / À and Bok À / À Bak À / À mice were comparable to those found in wild-type controls (Figures 2ad, Supplementary Figures 2a-d) . Fluorescence-activated cell sorting (FACS) analysis of splenocytes and blood revealed that young adult (9-14 weeks) Bok À / À Bax À / À and Bok À / À Bak À / À animals contained normal numbers of B as well as T lymphocytes, granulocytes and macrophages. Young Bok À / À Bax À / À and Bok À / À Bak À / À animals also had normal numbers of the CD4 À CD8 À , CD4 þ CD8 þ , CD4 À CD8 þ and CD4 þ CD8 À T-lymphoid cell subsets in their thymi as well as normal numbers of B-lymphoid cell subsets, erythroid cells, granulocytes and macrophages in their bone marrow (Figures 2a-d , Supplementary Figures 2a-d ). Some minor differences were observed: for instance, Bok À / À Bax À / À females had increased numbers of eosinophils in the blood compared with wild-type females, but this was not observed in Bok À / À Bax À / À males (Figure 2d , Supplementary  Figure 2d ).
To determine whether the combinatorial loss of BOK and BAX, or BOK and BAK, would have an impact on hematopoiesis in aged mice, we also examined the lymphoid organs Similar to what we observed in young (9-14-week-old) animals, compound knockout (Bok À / À Bax À / À and Bok À / À Bak À / À ) male and female mice had spleen and thymus weights that were comparable to those from wild-type controls (Supplementary Figure 3) . The total cellularity of the thymus and spleen, as well as the leukocyte cell subset composition of these tissues and the blood of Bok À / À Bax À / À and Bok À / À Bak À / À mice were comparable to those of agematched wild-type controls ( Supplementary Figures 4 and 5 ). However, detailed flow-cytometric analysis revealed minor differences in certain leukocyte populations between wildtype and compound knockout animals. For example, aged Bok À / À Bax À / À females displayed a slight increase in CD4 þ CD8 À thymocytes compared with wild-type animals ( Supplementary Figure 4a ), but Bok À / À Bax À / À males had normal numbers of all thymic cell subsets (Supplementary Figure 5a ).
Despite these minor differences in leukocyte populations, male and female Bok À / À Bak À / À as well as Bok À / À Bax À / À mice remained healthy with no signs of autoimmunity or hematopoietic malignancy up to at least 1 year of age. These observations demonstrate that BOK does not have significant overlapping functions with BAX or BAK in the development or maintenance of homeostasis in the hematopoietic system. Impact of combined loss of BOK and BAX, or BOK and BAK, on lymphocyte survival in culture. BAX and BAK have critical, largely overlapping roles in the 'mitochondrial apoptotic' pathway. Lymphoid cells and fibroblasts from Bax À / À Bak À / À mice were highly resistant to diverse apoptotic stimuli, such as cytokine deprivation, DNA damage or ER stress, but cells lacking BAX or BAK alone were normally sensitive or displayed only minor resistance. 11, 13 To determine whether the combined loss of BOK and BAX, or BOK and BAK, might confer protection from apoptotic stimuli, we purified immature CD4 þ CD8 þ thymocytes, mature T lymphocytes (both CD4 þ CD8 À and CD4 À CD8 þ ) and B lymphocytes from the lymph nodes, as well as neutrophils from the bone marrow, and cultured them in the presence of dexamethasone, etoposide, the BH3-mimetic ABT-737, Fas ligand (FasL) or simple medium (no added cytokines), the last to mimic growth factor deprivation. This analysis revealed that CD4 þ CD8 þ thymocytes from both Bok À / À Bax À / À and Bok À / À Bak À / À double-knockout mice were normally sensitive to all treatments tested (Supplementary Figure 6 ). Likewise, neutrophils, mature B and CD4 þ as well as CD8 þ T lymphocytes deficient for BOK alone, BAK alone or even those lacking both BOK and BAK died at rates comparable to their wild-type counterparts in response to all apoptotic stimuli tested ( Figure 3 ). In contrast, lymphocytes Table 1 Bok À / À Bak À / À and Bok À / À Bax À / À doubly deficient animals are produced at the expected Mendelian frequency Figure 1 Spleen and thymus weights of female and male Bok À / À Bak À / À and Bok À / À Bax À / À double-knockout and control wild-type, as well as Bok À / À , Bak À / À and Bax À / À single-knockout, mice were analyzed at 9-14 weeks (young cohort). Each data point represents an individual mouse. Results were separated into two groups: (a) females and (b) males. Statistically significant differences are indicated as * and ** for Po0.05 and Po0.01, respectively
Overlapping roles of BOK/BAK and BOK/BAX F Ke et al lacking BAX (i.e., mature B and CD4 þ as well as CD8 þ T lymphocytes from Bax À / À or Bok À / À Bax À / À mice) displayed slightly higher resistance than their wild-type counterparts to treatment with etoposide, FasL or ABT-737 at earlier time points ( Figure 3 , data points marked with *). However, the additional loss of BOK did not provide further protection to cells lacking BAX. These results show that BOK does not have a major overlapping role with BAX or BAK in 
were identified by staining with fluorochrome-conjugated antibodies against lineage-specific surface markers followed by FACS analysis. In the (b) spleen or (c) bone marrow, the percentages of immature (B220 þ sIgM hi sIgD low ) and mature B cells (B220 þ sIgM low sIgD hi ), macrophages The concomitant loss of BOK in addition to BAX does not have a significant impact on the severity of the developmental abnormalities seen in Bax À / À mice. To further investigate whether the absence of BOK together with BAX or BAK would lead to developmental defects in organs apart from those that constitute the hematopoietic system, we examined other tissues including the liver, kidney, heart, lungs, brain, pancreas, testes, ovaries and retina of 14-week-old mice (comparing Bok À / À Bax À / À , Bok À / À Bak À / À , Bok À / À , Bax À / À , Bak À / À and wild-type animals). Previous studies have shown that mice lacking BOK, BAK or BAX alone did not exhibit any obvious abnormalities in their major organs, except that Bax À / À males had atrophic testes devoid of mature spermatocytes. 10 To determine whether BOK may have a role in spermatogenesis in a manner overlapping with BAX or BAK, we examined young adult Bok À / À Bak À / À and Bok À / À Bax À / À males (9-14 weeks of age, Figure 4 ). Histological examination revealed that the testes from Bok À / À Bak À / À males were Figure 3 Sensitivity of lymphocytes from Bok À / À Bak À / À , Bok À / À Bax À / À and control wild-type, as well as Bok À / À , Bak À / À and Bax À / À single-knockout, mice to apoptotic stimuli in vitro. FACS analysis was performed on B cells (B220 þ ), CD4 þ 8 À T cells and CD4 À 8 þ T cells from the lymph nodes, and neutrophils (Ter119 À Mac1 þ Gr1 hi ) were sorted from the bone marrow of 10-14-week-old mice of the indicated genotypes. These cells were then cultured in the presence of (a) dexamethasone (1 mM), (b) etoposide (1 mM), (c) the BH3-mimetic ABT-737 (240 nM), which inhibits BCL-2, BCL-XL and BCL-W, 28 (d) cross-linked FasL (100 ng/ml) 29 or (e) simple medium. Cell viability was determined at the indicated times by staining with PI and annexin-V coupled to FITC; annexin-V À PI À cells were considered alive. Data represent the mean ± S.E.M. from 3-5 animals for each genotype. The absence of BAX alone or in combination with the absence of BOK provided a minor, but statistically significant, protection against certain apoptotic stimuli compared with wild-type cells, as indicated by * . In comparison with wild-type males, both Bok À / À Bax À / À and Bax À / À males had seminiferous tubules that were smaller in diameter, lacked organization and contained no mature elongated sperm. Notably, the testes from Bok À / À Bax À / À males did not show more severe defects compared with those from Bax À / À littermates.
It has previously been reported that mice lacking BAX or BAK alone have abnormally increased numbers of undifferentiated neural progenitor cells in the subventricular neurogenic zones of the forebrain, and that this aberration is exacerbated in BAX/BAK doubly deficient mice. 11 The Bax À / À animals used in our study also displayed the aforementioned phenotype (Figure 5a ), including mild hydrocephalus ( Figure 5b ), but, in contrast to the previous report, 11 we found that the brains from Bak À / À mice appeared similar to those from wild-type controls and displayed no evidence of abnormal neuronal cell accumulation (Figures 5a and b ). Although our previous study found that brains of Bok À / À mice appeared normal, 15 we wanted to examine whether the combined loss of BOK and BAX, or BOK and BAK, would cause marked abnormalities that are not present in any of the single-knockout animals. However, our investigations demonstrated that loss of BOK did not further increase the neural progenitor cell accumulation (Figure 5a ) or extent of hydrocephalus ( Figure 5b ) that was elicited by the absence of BAX. Moreover, the brains from Bok À / À Bak À / À doubly deficient mice resembled those from wild-type and Bak À / À controls ( Figure 5 ).
BAX-deficient mice were previously shown to exhibit a thicker inner nuclear layer and plexiform layer in the retina compared with wild-type controls. 16 Our histological analysis of retinas from Bax À / À animals confirmed this finding ( Figure 6 ). In contrast, the single loss of BOK or BAK alone did not have any effect on the morphology of this tissue, and even in the combined absence of both BOK and BAK, retinas remained normal in appearance ( Figure 6 ). Finally, retinas from the Bok À / À Bax À / À mice were comparable to those from Bax À / À mice, with no obvious further increase in the thickness and cellularity of the various retinal layers ( Figure 6 ).
Histological analysis of 17 additional parenchymal tissues from Bok À / À Bak À / À and Bok À / À Bax À / À mice revealed that they were indistinguishable from those of wild-type controls (data not shown), with the exception of the ovaries (discussed in the section below). When organs from 1-yearold Bok À / À Bak À / À and Bok À / À Bax À / À mice were examined, we found the presence of mild leukocyte infiltrates in the kidneys, lungs and livers, but this was similarly observed in age-matched wild-type and Bok À / À , Bax À / À and Bak À / À single-knockout controls (data not shown).
Collectively, these results demonstrate that BOK deficiency does not exacerbate the developmental defects caused by loss of BAX, and that combined absence of BOK and BAK does not give rise to any overt developmental abnormalities.
Bok À / À Bax À / À females display an increase in ovarian follicle numbers at 1 year of age. We 15 and others 14 have previously shown that Bok is most highly expressed in female reproductive organs, such as the ovaries and uterus. However, in BOK-deficient females, these tissues retained normal morphology, and Bok À / À females had normal numbers of ovarian follicles. 15 We therefore explored the Figure 4 Histological appearance of the testes from 9-14-week-old male mice. Testes were isolated from male mice of the indicated genotypes and fixed in Bouin's solution. Microscopic analysis was performed on hematoxylin and eosin-stained sections. Testes from Bax À / À as well as Bok À / À Bax À / À males displayed an absence of mature sperm cells. Images are shown at Â 10 magnification
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Overlapping roles of BOK/BAK and BOK/BAX F Ke et al possibility that BOK may have overlapping functions with BAX or BAK in the female reproductive system by microscopic examination of serial sections of Bok À / À Bak À / À and Bok À / À Bax À / À ovaries, and quantified follicle numbers at 14 weeks and 1 year of age. In young adult females (14 weeks), all single-mutant mice (Bok À / À , Bak À / À and Bax À / À ) and double-mutant mice (Bok À / À Bak À / À and Bok À / À Bax À / À ) had normal numbers of primordial, primary and secondary follicles, but unexpectedly for yet unknown reasons, Bak À / À , Bax À / À , Bok À / À Bak À / À and Bok À / À Bax À / À females displayed slightly lower numbers of antral follicles compared with wild-type females (Figure 7a ). Aged (1-year-old) females of all genotypes exhibited a substantial depletion in follicle numbers, as expected. 17 However, Bok À / À Bax À / À females possessed approximately 3-5 times more primordial follicles and twice as many secondary follicles compared with wild-type and singleknockout (Bok À / À and Bax À / À ) controls (Figure 7b ). Primary and antral follicle numbers were also higher in aged Bok À / À Bax À / À females compared with age-matched wildtype controls, although these latter differences were not statistically significant (Figure 7b ). These findings suggest that BOK and BAX have an important overlapping role in the regulation of follicle atresia in accord with the strong Bok gene expression in the ovary. 14, 15 
Discussion
The multi-BH domain pro-apoptotic Bcl-2 family members BAX and BAK are essential in the 'mitochondrial' apoptotic pathway. 5, 9 Their individual and overlapping roles in developmentally programmed and stress-induced cell death have been uncovered through the use of single-and doubleknockout mice. Although the loss of BAX 10 or BAK 11 on their own only gave rise to relatively mild phenotypic aberrations (with the exception of infertility in Bax À / À males), the combined deficiency of both of these multi-BH domain pro-apoptotic BCL-2 family members led to profound developmental abnormalities, such as persistent interdigitating webbing in Bax À / À Bak À / À mice. 11 Despite these defects, and the fact that BAX/BAK doubly deficient fibroblasts and lymphoid cells were markedly (in some instances almost completely) resistant to diverse apoptotic stimuli, 11, 13 many tissues that are widely believed to be shaped by programmed cell death during morphogenesis 18, 19 still appeared normal in the Bax À / À Bak À / À mice. 11 It is therefore possible that cell deaths that can still occur in these Bax À / À Bak À / À survivors is mediated by: (1) a BAX/BAK-like process, (2) another apoptotic process (perhaps involving components of the 'death receptor' pathway) or (3) a non-apoptotic process, for example, RIPK1/3-dependent programmed necrosis (also known as necroptosis) 20 or autophagic cell death.
Wild-type Bok-/-Bak-/-
Bax-/-Bok-/-Bak-/-Bok-/-Bax-/-
2.
3. 4, 5.
6.
Figure 6
Histological appearance of retinas from 9-14-week-old mice. Retinas were isolated from young adult mice of the indicated genotypes and fixed in Bouin's solution. Hematoxylin and eosin-stained sections were obtained for histological analysis. Different layers of the retina are labeled: (1) ganglion cell layer, (2) inner plexiform layer, (3) inner nuclear layer, (4) outer plexiform layer, (5) outer nuclear layer and (6) outer processes of rods and cones. Black arrowheads depict layers that are thicker in Bax À / À and Bok À / À Bax À / À mice in comparison with wild-type controls. Images of the retina are shown at Â 10 magnification Figure 7 Ovarian follicle numbers in the ovaries are abnormally increased in aged (1-year-old) Bok À / À Bax À / À females. Ovaries from (a) 9-14-week-old and (b) 1-yearold females of the indicated genotypes were serially sectioned. Follicles were counted on 5-6 evenly spaced sections, if the cross-section of a morphologically normal oocyte was contained within the section, and were classified in a consistent manner as being either in the primordial, primary, secondary or antral stage of development based on their morphology. Graphs depict the mean for each follicle type in the ovary, which are expressed as numbers/mm 2 of tissue section. *, ** and *** indicate statistically significant differences at Po0.05, 0.01 and 0.001, respectively. Data represent the mean ± S.E.M. of follicle numbers from 3-5 females per genotype
Overlapping roles of BOK/BAK and BOK/BAX Because BOK has extensive amino-acid sequence similarity to BAX and BAK, it has been hypothesized to function in a BAX/BAK-like pro-apoptotic manner and may thus account for some of the cell deaths that can still occur in Bax À / À Bak À / À mice. Our laboratory has previously attempted to define the role of BOK in apoptosis and animal development by characterization of Bok À / À mice, but these animals were found to be largely normal. 15 To further investigate the function of BOK, and to specifically examine whether BOK may be functionally redundant with BAX or BAK, we generated Bok À / À Bak À / À and Bok À / À Bax À / À mice and studied them alongside wild-type as well as Bok À / À , Bak À / À and Bax À / À single-knockout littermate controls at 14 weeks and 1 year of age.
In general, Bok À / À Bak À / À and Bok À / À Bax À / À mice were healthy and exhibited no obvious phenotypic abnormalities. Lymphoid organs from these animals were examined in detail by weighing, cell counting, microscopic evaluation and FACS analysis. Both the Bok À / À Bak À / À and Bok À / À Bax À / À mice displayed normal spleen and thymus weights, and the total cellularity of all lymphoid tissues examined were also comparable to those observed in wild-type mice. In contrast to earlier reports, 10, 11 we failed to observe a significant increase in the spleen or thymus weights of BAX singly deficient males or females. Although we cannot conclusively explain this discrepancy in results, it may be attributed to differences in genetic background; our mice had been extensively backcrossed with C57BL/6 mice, whereas those examined earlier were on a complex mixed C57BL/ 6 Â 129SV background. 10, 11 Examination of the lymphoid tissues from young and aged Bok À / À Bak À / À and Bok À / À Bax À / À animals revealed that they were largely normal, although we observed some minor differences in particular leukocyte populations that were, however, not consistently displayed by males and females of the same genotype. For example, 1-year-old Bok À / À Bak À / À and Bok À / À Bax À / À females showed a decrease in splenic granulocytes compared with age-matched wild-type females, but this was not observed in aged-matched Bok À / À Bax À / À males. In the event that these mild alterations in leukocyte numbers are indeed a consequence of the combined loss of BOK and BAX, or BOK and BAK, the disease-free survival of these animals up to at least 1 year demonstrates that such aberrations are insufficient to cause a major impact on the development and homeostasis of the lymphoid compartment. Because the differences observed were minor and inconsistent, we did not pursue them further.
It was therefore not surprising that lymphocytes from Bok À / À Bak À / À and Bok À / À Bax À / À mice failed to display any significant increase in resistance to diverse apoptotic stimuli compared with lymphocytes from wild-type and Bok À / À , Bax À / À and Bak À / À single-knockout control animals. In some cases, such as the treatment of B cells with ABT-737, the absence of BAX alone was sufficient to provide a small (albeit significant) survival advantage at early time points. The additional loss of BOK on top of loss of BAX did, however, not provide greater protection than loss of BAX alone. This indicates that BOK has only a minor role, or none at all, in the apoptosis of lymphoid and myeloid cells. These results are consistent with the finding that BOK expression is relatively low in leukocytes, much lower, for example, compared with the female reproductive tissues. 15, 21 We also performed histological examinations of several non-hematopoietic organs from Bok À / À Bax À / À and Bok À / À Bak À / À mice, comparing them with wild-type as well as singleknockout controls. Consistent with previous studies, 10, 11, 16 we found that Bax À / À animals had abnormally increased numbers of neural progenitor cells in the forebrain subventricular neurogenic zone, abnormally thick inner retinal layers (inner nuclear layer and inner plexiform layer) in the eye, as well as testicular atrophy with defective spermatogenesis in males. However, the concomitant loss of BOK together with BAX did not exacerbate or ameliorate any of these phenotypic anomalies or produce additional aberrations in other organs, with the exception of the ovaries (see below).
Previous findings demonstrated that Bax À / À females have a significant oversupply in primordial and primary follicle numbers as early as 6 weeks after birth, and this surplus was maintained even in Bax À / À females at 20-22 months of age. 22 Because newborn Bax À / À females contained similar numbers of primary and primordial follicles as age-matched wild-type mice, the follicle surplus observed at later ages was attributed to decreased apoptosis of BAX-deficient oocytes and granulosa cells in these reports. To determine whether BOK may have an overlapping role with BAX or BAK in regulating folliculogenesis or atresia, we quantified follicle numbers in young (B14 weeks) and aged (B1 year) doubleand single-knockout females.
In contrast to the aforementioned study, 22 we were unable to observe an abnormal increase in follicles in Bax À / À ovaries. Likely, explanations for this discrepancy could be (subtle) differences in genetic background between the two studies (see above), and/or differences in the methods used for quantifying follicles. Notably, in earlier studies where follicle numbers had been enumerated in murine ovaries, large variations of up to 10-fold per ovary at similar ages and/or strains were observed because of different counting methods and the use of various correction factors, 23 indicating that more reliable methods need to be employed. We therefore analyzed the ovaries by first examining all the serial sections, then subsequently selecting 5-6 evenly spaced sections from each ovary for follicle quantification as previously described. 15, 24 Our data are presented as mean ±-S.E.M. of follicle numbers per standard area (so as not to assume that follicles are evenly distributed throughout the entire organ), rather than as an estimate of total oocyte numbers for the entire ovary. Second, earlier reports classified follicles based on their health status (healthy/atretic) and only quantified healthy, non-atretic follicles. 22 However, as the morphology of an atretic follicle is yet to be accurately established, we decided to instead reliably group follicles into four classes -primordial, primary, secondary and antraldepending on their morphology, and counted those follicles that contained a cross-section of the oocyte.
We found that aged (1-year-old) Bok À / À Bax À / À females, but not Bax À / À single-mutant females, possessed a surplus of follicles at all developmental stages compared with agedmatched wild-type controls. Because this surplus of follicles was not observed at 14 weeks, it appears unlikely that Bok À / À Bax À / À females were endowed with more primordial Overlapping roles of BOK/BAK and BOK/BAX follicles at birth. Thus, these observations indicate that BOK and BAX may function together to regulate follicle atresia. A reduction in the demise of developing ovarian follicles may result in the accumulation of hormonally active follicles. This in turn can likely suppress the activation of primordial follicles such that in the absence of both BOK and BAX, fewer primordial follicles are activated and can thus persist for longer periods.
As BOK is highly expressed in reproductive organs and granulosa cells, 14, 15 it is not surprising that BOK may only exert its function in limited cell types and/or under particular stress conditions. The processes and genes that regulate oocyte survival or elimination are complex and have not been fully elucidated to date, but it is clear that the BCL-2 family has a central role. 25 Although BOK is strongly expressed in the oocytes of fetal human ovaries and in oocytes within primordial and growing follicles in adults, its function remains unknown. 26 However, there is increasing evidence that several cell death regulators are required to act collectively and/or in sequence to control follicle apoptosis. For instance, loss of PUMA conferred some protection (B15%) to primordial follicles against g-irradiation, whereas loss of NOXA had no significant impact; but the combined absence of both PUMA and NOXA provided substantial protection (up to 95%). 24 Hence, the loss of certain genes may have profound consequences on oocytes, whereas others may exert only relatively mild effects. The findings from our studies demonstrate that the combined loss of BOK and BAX has a greater influence on follicle numbers than the single loss of either pro-apoptotic protein alone. This provides the first in vivo evidence that BOK may exert an overlapping pro-apoptotic function with BAX in the context of follicle atresia.
In conclusion, we have examined Bok À / À Bak À / À and Bok À / À Bax À / À double-knockout animals and demonstrated that apart from the defects caused by the single loss of BAX or BAK alone, the combined absence of BOK with BAX, or BOK with BAK, did not result in additional phenotypic anomalies in most tissues examined (apart from the ovaries). This may indicate that BOK does not have a crucial pro-apoptotic function overlapping with BAX or BAK in these normally developed organs. Given that BAX and BAK are key factors in apoptosis that regulate and shape the hematopoietic system and several epithelial and neuronal tissues, it may come across as a surprise that BOK, a close relative, does not carry out similar roles. However, we cannot eliminate the possibility that certain developmentally programmed cell deaths can still be carried out efficiently when one of BOK, BAX or BAK remains present. To test this hypothesis, it will be imperative to generate Bok À / À Bax À / À Bak À / À triple-knockout mice. Alternatively, it is possible that the developmental cell deaths that shape the tissues in Bax À / À Bak À / À mice are mediated by 'BCL-2-regulated' independent mechanisms, perhaps involving the 'death receptor' apoptotic pathway. Necroptosis and/or autophagy may also contribute to morphogenesis and the maintenance of organ homeostasis. It will be exciting to examine the contribution, if any, of such processes by generating complex compound knockout mice that lack BAX/BAK (and possibly also BOK) plus critical regulators of these processes (e.g., RIPK3 for necroptosis).
Materials and Methods
Mice. The Bok À / À , 15 Bak À / À 11 and Bax À / À 10 mice have all been previously described. Bok À / À mice were generated on a C57BL/6 background using C57BL/6-derived ES cells. Mice deficient for BAX or BAK had originally been generated on a mixed C57BL/6 Â 129SV background, using 129SV-derived ES cells, but were subsequently backcrossed with C57BL/6 mice for more than 12 generations. To produce Bok À / À Bax À / À animals, Bok À / À mice were bred with Bax þ / À mice to produce Bok þ / À Bax þ / À offspring. Animals of this genotype were crossed to Bok À / À mice to obtain Bok À / À Bax þ / À mice, which were then intercrossed to produce Bok À / À Bax À / À animals. This strategy was similarly employed to produce Bok À / À Bak À / À mice. All experiments with mice were performed with the approval of the Walter and Eliza Hall Institute Animal Ethics Committee and according to the Australian code of practice for the care and use of animals for scientific purposes.
